The size constraints and high payload requirements of Micro Air Vehicles necessitate the design of vehicles with high wing loading that require efficient flight at high lift coefficients. MAVs operate in the low Reynolds number regime that is characterized by highly viscous phenomena like the laminar separation bubble causing large losses in efficiency. Drawing inspiration from nature, bird-like sectional profile airfoil families were designed in PROFOIL to operate at these Reynolds numbers. In this paper, parametric studies using multipoint inverse airfoil design are presented to demonstrate techniques and design philosophies employed to design airfoil families between 4-6% thickness that include moment constraints ranging from C m,c/4 of −0.14 to −0.26.
I. Introduction
Nature's success in achieving flight inspired humans to seek the air. As a result, early aircraft designs mimicked avian flight, especially in its planform, use of thin airfoils, and use wing warping for control. However, as the understanding of the physics of flight improved, through theoretical and experimental developments, and with expanded payload and speed requirements, the field of aircraft design diverged from its biologically inspired roots. As noted by McMasters, 2 there exists a need for bringing the two ends of the spectrum (technological and biological flight) closer in that avian flight should motivate the development of new flight technology. Bio-inspired flight vehicle design has become possible in recent years 3 with the advent of small-scale electronics and avionics that have propelled the development of small-scale unmanned aerial vehicles and micro air vehicles (MAVs). Thus, there is an increasing need to better understand avian flight that operates in the low Reynolds numbers regime (10 4 -10 5 ). 4 It is commonly known that in this regime, highly viscous related phenomena such as the laminar separation bubble start to dominate thereby causing losses in efficiency for the airfoil. Much can still be learnt from avian flight in how biology deals with these low Reynolds number effects.
A typical bird wing produces lift, drag, and thrust through the manipulation of its planform shape, profile, and morphology. 5 For example, swift wings have the ability to increase sweep to achieve lower drag (high speed dash) and extend its wings to achieve higher lift (low speed flight/landing). 6 In addition to wing planform and morphing, the feathers of a bird play a critical role of achieving the airfoil-like crosssections required for efficient flight. Studies have shown that although avian literature has paid less attention to airfoil sectional characteristics, the leading edge geometry, camber, and wing thickness critically affect the overall force generation of bird wings. 7 To better understand the wings of birds in its production of aerodynamic forces, detailed wing geometry measurements using 3-D scanning techniques were performed to extract properties such as planform shape, camber distribution, thickness distribution, twist distribution, and chord distribution. [8] [9] [10] [11] [12] The main observations from these measurements was that most bird airfoils were highly cambered in nature, had a thin aft region, and a thick leading edge. A selection of bird airfoil thickness and cambers ratios extracted from literature 8, 10, 11 are plotted in Fig. 1 The goal of this paper is to design a family of bird-inspired airfoils that perform efficiently at the same Reynolds number scales (10 4 -10 5 ) and that are both thin and highly cambered in a bid to further the field of biologically-inspired micro flight. Through a systematic design approach using the PROFOIL multipoint inverse design tool, [13] [14] [15] [16] three different families of airfoils based on moment constraints ranging from C m,c/4 of −0.14 to −0.26 were designed. The thicknesses within each airfoil family were maintained to between 4-6%. These values were chosen as they allowed for the thickness and camber ratios of the designed airfoils to be within the limits set from actual bird airfoil cross-sections found in literature (see Fig. 1 ). The design approach and tools used are first discussed. Then, a detailed description of the design requirements is presented together with the designed airfoils and the associated aerodynamic performance details. Finally, a tabulated set of airfoil coordinates for each airfoil is provided in Appendix A.
II. Approach
The general approach to designing the bird-inspired airfoils was to use the inverse airfoil design tool, PROFOIL, [13] [14] [15] [16] together with the airfoil analysis tool, XFOIL. 17, 18 PROFOIL is a multi-point inverse design tool that allows for the specification of desired velocity distributions over various segments of the airfoil along with specific constraints such as maximum thickness, enclosed area, pitching moment, and boundary layer specifications. The various design specifications result in a system of nonlinear equations that are solved using a multidimensional Newton iteration scheme. To prescribe a desired velocity distribution, the airfoil is first divided into segments. Then, using the method of conformal mapping, the arc limits φ on the circle are mapped to the segments s on the airfoil as shown in Fig. 2 . A design angle of attack α* is associated with each segment, where at that angle of attack, the velocity distribution along the segment will be prescribed, typically being constant as used in the current designs.
As elaborated in detail in Ref. 16 , at low Reynolds numbers, the C l -x tr /c transition curve should be indirectly controlled. The C l -x tr /c transition curve can be controlled via the prescription of the design angle of attack α* for a segment since it has a direct effect on the pressure gradient and consequently boundary layer response. As a result, the α*-φ curves of an airfoil are the main tool used in PROFOIL to control the C l -x tr /c transition curve and eventual shape of the airfoil.
XFOIL is an airfoil analysis tool that utilizes the panel method coupled with an integral boundary-layer method. XFOIL has shown to be well suited for low Reynolds number airfoil flow predictions with the presence of laminar separation bubbles. At low Reynolds numbers, the laminar separation bubble is the leading culprit of performance degradation via form drag. As a result, it is critical that transition on the designed airfoils be predicted well. Transition is predicted in XFOIL through the use of a semi-empirical e n method that leverages linear stability theory. The value of n refers to the linear stability theory amplification factor, where for low turbulence environments, experiments have shown transition to occur at an amplification factor of about 9 (n crit ). The n parameter in practical terms represents the background disturbance level and is critical in determining low Reynolds number airfoil performance. Linear stability theory derives from the application of the Orr-Somerfeld equations to the Falkner-Skan profile family. 17, 18 For the current work, n crit was set to the value of 9 (smooth wing, low turbulence environment) and each airfoil was divided into 240 panels. In the design, the arc limits around the airfoil were subdivided into 60 segments defined by φ.
III. Application

A. Design Requirements
A systematic approach was taken in the design of the bird-inspired airfoil families. Firstly, based on a literature review of typical bird profiles, maximum thicknesses of 4%, 5%, and 6% were chosen. To achieve a bird-like airfoil profile, a thin, feather-like aft region was maintained together with a low aft-loading requirement. As a result, the airfoil families were designed for the aerodynamic inviscid, quarter-chord, pitching moment coefficients (inviscid C m,c/4 ) of −0.14, −0.20, and −0.26. These requirements allowed for the design of nine new airfoils that showed good C l /C d performance at Reynolds numbers between 60,000 to 150,000. The nine airfoils designed are tabulated in Table 1 , and a profile view of the airfoils is shown in Fig. 3 . The coordinates for each airfoil are provided in Appendix A. 
B. Baseline Case
The baseline airfoil (AS6095), as shown in Fig. 4 , was for an inviscid C m,c/4 of −0.20 and maximum thickness of 5%. As per the design requirements, the PROFOIL airfoil segment velocity distributions were tailored to achieve a bulbous leading edge together with a thin, feather-like trailing edge. The α*-φ curves for the upper and lower surface of the AS6095 airfoil are shown in Figs. 5(a,b). As previously described, the upper surface α*-φ curve relates to the shape of the C l -x tr curve of the airfoil. 16 XFOIL predictions for the AS6091 airfoil at Reynolds numbers of 60,000, 100,000, and 150,000 are shown in The pressure distribution of the AS6095 at the best C l /C d condition at a Reynolds number of 100,000 is shown in Fig. 7 . The bulbous leading edge of the AS6095 allows for a smooth pressure rise and gradual transition ramp. The best C l /C d lift coefficient (C l ) for the AS6095 is 1.35 which corresponds to an angle of attack of approximately 5 deg. The solid line in Fig. 7 represents the viscous pressure distribution, and the dashed line represents the inviscid pressure distribution. The viscous pressure distribution at a Reynolds number of 100,000 shows the existence of a small laminar separation bubble from the 45-65% chord on the upper surface. On the lower surface, the flow is fully attached and laminar. As can be observed in Fig. 6 , no transition point exists on the lower surface at a C l of 1.35 (maximum C l /C d ). Smooth drag polars with a large drag buckets are observed especially at Reynolds numbers higher than 60,000. Finally, a sharp stall is observed in the airfoil accompanied by a rapid rise in drag.
The pressure distributions for the AS6095 at a Reynolds number of 100,000 over the low drag range (α = 0-7 deg) is shown in Fig. 8 . The pressure distributions clearly show the movement of the upper surface laminar separation bubble toward the leading edge corresponding to the C l -x tr curve in Fig. 6 . Similarly, the lower surface also shows the existence of a bubble that moves toward the leading edge with decreasing angle of attack. 
C. Baseline Airfoil Family
Designed to the same inviscid C m,c/4 of −0.20, the AS6094 (4%) and AS6096 (6%) airfoils are coplotted with the AS6095 airfoil in Fig. 9 . In addition, the PROFOIL upper and lower surface α*-φ curves for the airfoil family are shown in Fig. 10 . The α*-φ curves for both the upper and lower surfaces of the airfoils shows a systematic trend in the α*-φ prescriptions for each airfoil. For the upper surface, as the thickness increases, a steeper α*-φ curve is prescribed. These prescriptions correspond well to the XFOIL predictions for the three airfoils (Figs. 6, 12, and 13), where the C l -x tr curves are observed to be steeper with increasing thickness. The pressure distributions of the AS6094 and AS6096 airfoils at their respective maximum C l /C d conditions are shown in Fig. 11(a,b) . Similar to the AS6095 airfoil, a separation bubble exists around the 45-65% chord region on the upper surface of the airfoil. The size of the separation bubble grows with thickness thereby reducing the maximum C l /C d possible. The flow is also attached along the lower surface of the air- There is an increase in the size of the drag bucket for the thicker AS6096 airfoil. All airfoils in this family, however, still stall sharply with the thickest airfoil (AS6096) stalling at the lowest angle of attack among the airfoil family. Figure 12 . XFOIL predictions for the AS6094 airfoil at Reynolds numbers of 60,000, 100,000, and 150,000. Figure 13 . XFOIL predictions for the AS6096 airfoil at Reynolds numbers of 60,000, 100,000, and 150,000.
D. Lower Moment Airfoil Family
Similar to the baseline (inviscid C m,c/4 =−0.20) airfoil family, another family of airfoils was designed to have an inviscid C m,c/4 of −0.14. The AS6091 (4%), AS6092 (5%), and AS6093 (6%) airfoils are coplotted in Fig. 14 . Correspondingly, the PROFOIL α*-φ distributions on the upper and lower surfaces for the C m,c/4 =−0.14 family airfoils are shown in Figs. 15(a,b) . Again, the α*-φ curves were varied systematically. As a result, the upper surface α*-φ distributions become increasingly convex and steeper with increasing thickness. The enforced distributions generate airfoils whose upper surface C l -x tr movement becomes steeper with increasing thickness as shown in Figs. 17, 18 , and 19. Finally, unlike the baseline airfoil family, the pressure distributions at maximum C l /C d for the lower moment family airfoils [see Fig. 16(a-c)] show a less clear-cut difference in the separation bubble size. As a result, at roughly the same C l , a small difference in C l /C d is observed between the AS6091, AS6092, and AS6093 airfoils. Best C l /C d performance for the three airfoil occurs at an approximate C l of 1.05 and viscous C m,c/4 of -0.125. A smaller variation in the size of the low drag bucket is observed for the three airfoils. Stall again is abrupt for all airfoils in this lower moment family. 
E. Higher Moment Airfoil Family
The final family of airfoils are the higher moment airfoil family (inviscid C m,c/4 =−0.26). The AS6097, AS6098, and AS6099 airfoils that make this higher moment airfoil family are coplotted in Fig. 20 showing its highly cambered and bulbous leading edge profile. The PROFOIL α*-φ upper and lower surface curves used to generate the airfoil family geometries are presented in Figs. 21(a,b) respectively. Similar to the baseline and lower moment families, the upper surface α*-φ curve becomes progressively steeper with increasing thickness of the airfoil. The pressure distributions for the three airfoils (AS6097, AS6098, and AS6099) at their respective maximum C l /C d are shown in Figs. 22(a-c) 
F. Summary
The nine airfoils presented in this paper were designed to have bird-like profiles. Three different airfoil families were created based on the inviscid moments (inviscid C m,c/4 ) of −0.14, −0.20, and −0.26. To better understand the differences between the three airfoil families, coplots of all airfoil polars are shown in Figs. 26, 27, and 28 for the Reynolds numbers of 60,000, 100,000 and 150,000 respectively. From Figs. 26-28, the general trends observed for this family of airfoils are the following:
• For a constant C m,c/4 , as t/c decreases, C dmin decreases.
• For a constant C m,c/4 , as t/c decreases, the low drag bucket range narrows.
• Drag bucket narrows with increase in C m,c/4 from −0.14 to −0.26.
• Drag bucket widens with increase in Reynolds number.
• Lift coefficient corresponding to C dmin increases with C m,c/4 .
• C dmin increases with increase in C m,c/4 .
A summary of the performance of all airfoils at the best C l /C d condition at a Reynolds number of 100,000 is presented in Table 2 . Note that with slight modification of the PROFOIL input design parameters, the airfoils can be designed to have a finite trailing edge thickness together with a thicker aft region for manufacturing ease. Moreover, the leading edge and nearby region can also be altered by changes in the α*-φ distribution. 
IV. Conclusions
The rapidly growing field of bio-inspired micro vehicle design in recent years has demanded the need to better understand and mimic avian flight characteristics especially at low Reynolds numbers. The approach taken in this paper was to design three bird-like airfoil families of increasing inviscid, quarter-chord moments C m,c/4 of −0.14 to −0.26. A total of nine new airfoils were designed with maximum thicknesses of 4-6%.
Designed using multipoint inverse design methods, all airfoils geometrically were characterized by a bulbous leading edge followed by a thin, feather-like aft region. The upper surface of the airfoil was designed to promote smooth transition from laminar-to-turbulent flow and a small laminar separation bubble. The lower surface was more actively manipulated to acheive the desired bird-like profile shape. In terms of performance, all airfoils showed well-defined drag buckets, high C l /C d performance, predictable transition characteristics, and high best C l /C d lift coefficients to allow for its use in MAVs requiring high wing loadings. 
A Tabulated Airfoil Coordinates
